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Abstract
The spin-state of RECoO3 (RE = La, Pr, Nd, and PrxLa1−x) has been investigated by μ+SR experiments. In
particular, the muonic Knight shift in a high TF of 10 kOe was studied at temperatures below 300 K. By combining
these measurements with the dc-susceptibility data, the spin-state transition temperature (TSS) was found to increase
monotonically as the average ionic radius of the RE ion is decreased. Our measurements demonstrate that TF-μ+SR
is a unique technique to detect the spin-state transition in compounds regardless of coexistence of large magnetic
moments through the change in microscopic magnetic environments at TSS.
Keywords: Magnetic phase boundaries, Chemical and Knight shifts, Muon-spin rotation and relaxation
1. Introduction
In spite of the large number of studies on the spin-state transition in RECoO3 (RE=rare earth element), their
transition temperatures (TSS) have still not been fully established due to diﬃculty in estimating the eﬀect of the
magnetic moments of RE ions on the whole magnetic properties and in separating the small variation in the magnetic
moment of Co ions. The exception is, however, the case of LaCoO3, where TSS has been thoroughly studied by
magnetic susceptibility (χ) [1], resistivity [2], thermal conductivity (κ) [3, 4], thermal expansion (α) [5, 6], x-ray
diﬀraction (XRD) [7, 8, 9], x-ray photoemission spectroscopy [10], NMR [11], and neutron measurements [12, 13],
because of the absence of f electrons in the La3+ ions. The Co3+ ions in LaCoO3, with a 3d6 conﬁguration, can be in
three diﬀerent spin-states as a function of T ; namely, a nonmagnetic low-spin (LS) state (t62g, S = 0), which transits
to an intermediate-spin (IS) state (t52ge
1
g, S = 1) [14], and then to a high-spin (HS) state (t
4
2ge
2
g, S = 2). The Co
3+
ions are thermally activated from the LS state to the IS state around 100 K (= TSS), and then from the IS state to the
mixed state of IS and HS around 500 K (= TSS2). Experimentally the IS state partially appears above ∼35 K, and the
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LS state is likely to disappear above ∼100 K. The spin-state transitions also induce itinerant eg electrons in LaCoO3,
resulting in an insulator to metal transition around 500 K [2] without chemical doping/substitution. From the view
point of application, La0.95Sr0.05CoO3 is studied as a thermoelectric material for operation above ambient T [15].
The crystal-ﬁeld (CF) splitting of the ionic energy levels in a CoO6 octahedron (ΔCoCF = Eeg−Et2g) naturally depends
on the Co-O bond length; that is, a shorter bond length leads to a larger ΔCoCF [8]. The magnitude of TSS for the other
RECoO3 is thus expected to increase with the atomic number of RE ions as their ionic radii become progressively
smaller. Actually, according to the χ measurements, it was proposed that TSS ∼ 200 K for PrCoO3 and ∼ 300 K
for NdCoO3. However, these estimates were obtained after subtracting the large contribution from the Pr and Nd
moments to χ [3, 16] and, consequently, the results depend strongly on the estimates of the size of the RE moments.
In contrast to χ, thermal expansion (α) is thought to be insensitive to the RE ions’ magnetic moments but sensitive to
changes in the lattice size due to the diﬀerent ionic radii of Co3+ ions in the LS, IS, and HS state. A very recent α
measurements showed that TSS ∼ 175 K for PrCoO3 and ∼ 230 K for NdCoO3 [6], although this was reached only
after subtraction of the phonon contribution from the α(T ) data. The previous measurements lead to the following
question: is there a better, more direct, method for determining the correct TSS for RECoO3 with RE  La?
2. Experimental
Polycrystalline samples of PrxLa1−xCoO3 were prepared by a solid-state reaction technique using Pr6O11, La2O3,
and Co3O4 powders as starting materials. A mixture of the three powders was calcined several times at 1100◦C for
24 hours in air, then sintered at 1200oC for 24 hours in air. The dimension of the sintered sample was about 20 mm
diameter and 3 mm thickness. Crystals of LaCoO3, La0.95Sr0.05CoO3, PrCoO3, and NdCoO3 were grown by a ﬂoating
zone technique.
The TF-μ+SR experiments were performed on both the M20 and M15 surface muon beam lines at TRIUMF with
HTF = 10 kOe. The TF-spectrum of a reference high purity Ag plate was measured simultaneously with the sample to
extract accurate muonic Knight shift data. The experimental setup and techniques for the Knight shift measurement are
described elsewhere in detail [17, 18]. χ of the samples was measured using a superconducting quantum interference
device (SQUID) magnetometer (MPMS, Quantum Design) in the T range between 400 and 5 K in a magnetic ﬁeld
H = 10 kOe.
3. Results and Discussions
In order to estimate f precisely, the TF-spectra from the sample and reference (Ag) were ﬁtted simultaneously to
a power exponentially relaxing cosine oscillation (using a rotating frame analysis) [19].
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Figure 1: T dependences of the Knight shift (K) and susceptibility (χ) for the crystal sample of (a) LaCoO3, (b) La0.95Sr0.05CoO3, (c) PrCoO3, and
(d) NdCoO3. Both K and χ were measured in the magnetic ﬁeld H = 10 kOe.
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where ATF is the asymmetry, ωTF is the muon Larmor frequency of the oscillating signal (ωNTF ≡ 2π × f N), φ is
the initial phase of the precession, λTF is the exponential relaxation rate, and β is the power. The superscript N
(= S or R) represents the signal from the sample or reference. The muonic Knight shift (K) is thus deﬁned by
K ≡ (ωSTF − ωRTF)/ωRTF. Although the single FFT peak was found to split into several peaks below ∼ 200 K in all the
samples except for La0.95Sr0.05CoO3, we ﬁtted the TF-spectrum by one cosine oscillation. This means that f S and K,
which will be discussed in further detail below, correspond to the weighted average values of multiple peaks.
Figure 1 shows the T dependences of both K and χ for the four crystal samples measured. For LaCoO3, as T
decreases from 300 K, the χ(T ) curve exhibits a typical Curie-Weiss behavior down to 100 K, and then shows a large
drop towards ∼30 K due to the transition into the LS state with S = 0. Below ∼30 K, χ increases again with decreasing
T due to the formation of a ferromagnetic phase [20]. K is found to have a very similar T dependence to χ. Although
the |K| (T ) curve exhibits a maximum around 130 K, around which the χ(T ) curve also shows a maximum, |K| drops
more rapidly than χ as T is further lowered from 130 K. Since μ+SR is sensitive to the microscopic magnetic nature
in materials, the result indicates that the LS state locally appears in a sharp transition below 130 K.
By contrast, for La1−xSrxCoO3 with x ≥ 0.01, the spin-state transition is known to be annihilated by a doped
hole [2]. Both χ and |K| increase monotonically with decreasing T , and there are no signiﬁcant anomalies around
100 K. For PrCoO3, the χ(T ) curve exhibits a Curie-Weiss behavior down to ∼ 40 K, but the increase in χ at low T is
suppressed by the crystalline electric ﬁeld (CEF) eﬀect on the Pr3+ ions [16]. Although |K| increases with decreasing
T , the |K| (T ) curve exhibits a small local maximum at ∼130 K. This strongly suggests a change in local magnetic
environments around 130 K for PrCoO3. For NdCoO3, the overall T dependence of χ is very similar to that of |K|,
although the |K| (T ) curve also exhibits a very small anomaly below 150 K.
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Figure 2: (a) T dependence of the hyperﬁne coupling constant (Ahf ) and (b) the relationship between TSS and ionic radius of RE3+ ions (rRE) for
RECoO3. In (a), “LaSr” means La0.95Sr0.05CoO3. TSS is the temperature at which the Ahf (T ) curve exhibits a minimum. rRE is the value for the
RE3+ ion with nine coordination [21].
In order to better understand the relationship between K and χ, Fig. 2(a) shows the T dependence of the hyperﬁne
coupling constant (Ahf) for LaCoO3, La0.95Sr0.05CoO3, PrCoO3, and NdCoO3 crystals and PrxLa1−xCoO3 (x=0, 1/4,
1/2, 3/4, and 1) powders, based on the assumption that K(T ) = Ahfχ(T ). The Ahf(T ) curve for LaCoO3 exhibits a
sharp minimum at 130 K (= Tmin), around which TSS was observed by the macroscopic measurements. The slope of
the Ahf(T ) curve is negative below 130 K, whereas it is positive above 130 K. Also, as T decreases from 100 K, Ahf
approaches zero at 0 K, as expected for the nonmagnetic LS state with S = 0, although the ferromagnetism at low T
(below 50 K) hinders the LS state. This clearly shows the dramatic change in the local magnetic environments due
to the change in the spin state of the Co3+ ions. Consequently, we are able to determine TSS for the other samples
as the T at which the slope of the Ahf(T ) curve changes its sign, i.e. the minimum of the curve, T
μSR
SS = Tmin.
Using this approach, we determined that T μSRSS = 125 − 130 K for LaCoO3, ∼ 125 K for Pr1/4La3/4CoO3, ∼ 135 K
for Pr1/2La1/2CoO3, ∼ 160 K for Pr3/4La1/4CoO3, ∼ 165 − 170 K for PrCoO3, and ∼ 180 K for NdCoO3. Here,
T μSRSS for LaCoO3 is comparable to TSS (∼ 100 K) determined by χ measurements. In addition, there is no T μSRSS for
La0.95Sr0.05CoO3 down to the lowest T measured, which is consistent with the fact that the doped hole annihilates the
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spin-state transition. Note that although the ferromagnetic behavior is observed only for LaCoO3, the magnetization
of a powder sample is reported as ∼ 0.02 μB/Co at 10 kOe and 5 K [22]. Therefore, the eﬀect of the Lorentz ﬁeld on
|K| is most likely to negligibly small.
The obtained T μSRSS for PrCoO3 is almost equivalent to that determined by α and κ measurements [6, 4], whereas
T μSRSS for NdCoO3 is lower by 50 K than T
α
SS [6]. This is probably due to the diﬀerent sensitivity of the two techniques
(μ+SR and α) to the change in microscopic magnetic environments. In other words, from the view point of μ+SR, it
is found that the spin-state transition locally occurs below 180 K even for NdCoO3. Note that the Ahf(T ) curve for
PrCoO3 shows a local maximum around 120 K. Since such an anomaly is only observed for PrCoO3, Pr3/4La1/4CoO3,
and Pr1/2La1/2CoO3 (not shown), its origin is likely the magnetic moment of the Pr3+ ions. Then, we consider the
eﬀect of the CF splitting of the 4 f shell of the Pr3+ and Nd3+ ions on the present results. The energy splitting between
the ground state and the ﬁrst excited level in PrCoO3 was estimated as ΔPrCF = E1 = 70 K, whereas Δ
Nd
CF = 130 K [6].
Such ΔRECF could perturb local magnetic environments at muon sites in RECoO3. However, since Δ
RE
CF is lower than
T μSRSS by 50-100 K, such perturbation is unlikely eﬀective to the change in K with T around T
μSR
SS .
Finally, we summarize the present results in Fig. 2(b) as a relationship between T μSRSS and the ionic radius of RE
ions (rRE) in RECoO3. As rRE decreases from 121.6 pm for La3+ to 116.3 pm for Nd3+, TSS is found to increase
monotonically from 130 K to 180 K. This demonstrates the coupling between T μSRSS and the lattice size of RECoO3,
as expected from the origin of TSS. In conclusion, we have determined the magnitude of TSS by μ+SR via the muonic
Knight shift measurement, a technique which we demonstrate to be very sensitive to the change in local magnetic
environments induced by the spin-sate transition. The muonic Knight shift technique is hence found to be very useful
to investigate microscopically spin-state transitions and the variation of TSS with chemical pressure in a direct and
unambiguous manner.
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